Abstract: A high-throughput workflow was developed for the study of porous polymers generated using the process of chemically induced phase separation. The workflow includes automated, parallel preparation of liquid blends containing reactive, polymer network-forming precursors and a poragen, as well as a high-throughput poragen extraction process using supercritical CO 2 . A structure-process-property relationship study was conducted using epoxy-amine cross-linked networks. The experimental design involved variations in polymer network cross-link density, poragen composition, poragen level, and cure temperature. A total of 216 unique compositions were prepared. Changes in opacity of the blends as they cured were monitored visually. Morphology was characterized using a scanning electron microscope on a subset of the 216 samples. The results obtained allowed for the identification of compositional variables and process variables that enabled the production of porous networks.
Introduction
Porous polymer materials are of interest for a wide variety of applications such as tissue scaffolds, 1 controlled drug release, 2 chromatography, 3 separation membranes, 4 piezoelectric materials, 5 chemical sensors, 6, 7 hydrogen storage materials, 8, 9 and battery electrodes. 10 Several general methods for creating porous polymers have been described. These methods include conventional foaming techniques involving a nonreactive gas, 11 emulsion-templating, 12, 13 thermally induced phase separation, 14 chemically induced phase separation (CIPS), 15 selective degradation of block copolymers, 16 and molecular imprinting. 17 Relative to the other methods for producing porous polymer materials, CIPS probably provides the greatest versatility with respect to the range of materials that can be generated. In addition, the process to produce porous materials using CIPS is relatively straightforward and a large number of readily available starting materials can be utilized.
The process for producing porous polymer materials using CIPS involves the crosslinking of a homogeneous blend comprised of reactive precursors and a nonreactive component referred to as a poragen. 15, 18, 19 Due to the increase in the free energy of mixing that occurs as reaction takes place between the reactive precursors, the poragen phase separates from the mixture during the process of cross-linking. Porosity is generated by removal of the poragen from the cross-linked material using an extraction or evaporation process. The pore size, pore shape, and pore size distribution obtained with this process is a result of the complex interaction between the thermodynamics of mixing, kinetics of cross-linking, and kinetics of phase separation. Figure 1A displays a schematic of the process used to prepare a porous network structure using CIPS.
With CIPS, a stable solution is transformed into a phaseseparated material without a change in temperature. Phase separation in CIPS is the result of the decrease in entropy created by the increase in polymer molecular weight that occurs as a result of cross-linking reactions. Kiefer and coworkers 15 modified the Flory-Huggins equation so that it can be applied to reactive solutions. The modified equation is ∆G V = (∆G/V T ) = RT/V 0 {(1-4/3q) ø pol ln ø pol + (ø sol /Z sol ) ln ø sol } + | d → (q)| 2 ø pol ø sol , where ∆G V is the change in free energy of the system per unit volume, ∆G is the change in free energy of the system, V T is the total free volume, R is the gas constant, T is temperature, V 0 is the molar volume of precursor monomers, q is the extent of reaction or conversion, ø pol is the volume fraction of polymer, ø sol is the volume fraction of solvent, Z sol is the ratio of the molar volume of solvent to the molar volume of precursor monomers, and d → (q) is the change in the solubility parameter of the polymer during cross-linking. The modification takes into account the change in the number of polymer molecules with functional group conversion and allows for the construction of phase diagrams based on conversion at a constant temperature. A schematic phase diagram for CIPS is shown in Figure 1B . The phase diagram shows that a completely miscible system comprised of reactive precursors (polymer) and poragen (solvent) in the uncured state (q = 0) can enter either the metastable or the spinodal decomposition region to form a phase separated structure depending on the concentration of polymer, rate of curing, and extent of curing. This transition can be considered as chemical quenching.
While thermodynamic models based on first principles are useful for identifying systems that will undergo CIPS, they do not allow for an accurate prediction of morphology because the morphology produced with CIPS depends strongly on molecular mobility, which changes dramatically as crosslinking proceeds. For example, pore size for materials that undergo phase separation by a nucleation and growth mechanism will be a result of the competition that exists between the reduction in free energy achieved by pore formation and the ability of solvent molecules to diffuse through the developing polymer network. Due to the complexity of pore formation associated with CIPS, extensive structure-process-property relationships are needed to understand the influence of these variables on material properties.
Considering the number of variables and the importance of interactions between variables on the production of porous networks using the process of CIPS, it was believed that the application of high-throughput/combinatorial (HT/C) methods would significantly facilitate the development of porous polymer networks using CIPS. The HT/C methodology originated within the pharmaceutical industry to reduce the time and cost required for discovering new bioactive compounds. 20 Due to the success of the HT/C approach in the pharmaceutical industry, it has more recently been applied to material research and development. Examples of material research and development involving the HT/C methodology include 24 sensors, 25 and polymers 26, 27 to name a few. In general, HT/C workflows for material development involve the use of robotics to synthesize materials in parallel, HT analytical techniques to rapidly characterize the materials and determine their critical properties of interest, and software to facilitate experimental design, control of robotic instrumentation, and data analysis. The application of HT/C methods for the generation of structure-process-property relationships for polymer materials has been shown to be very powerful. [28] [29] [30] [31] The ability to generate and characterize relatively large numbers of materials within a relatively short period of time enables the multivariable experiments required to identify complex interactions between variables. This document describes initial efforts to construct a HT/C workflow for the generation of structure-process-property relationships for porous polymer materials produced with the process of CIPS. Results obtained for a relatively large experiment involving porous epoxy networks is described which shows that considerable information can be gained by simply monitoring changes in opacity of reactive blends as they cure. In addition, the morphology of select compositions was characterized using scanning electron microscopy (SEM). Table 1 describes the materials used for the experiment and Table 2 describes each of the blends prepared. All materials were used as received from the manufacturer.
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Experimental Materials
Instrumentation
Liquid blends were prepared robotically using a Symyx Viscous Liquid Handling System (Symyx, Santa Clara, CA). The liquid handling robot has the capability to formulate arrays of 24 polymer blends at one time. Liquid dispensing is performed using positive displacement disposable pipette tips. The commercial formulation system was modified to allow for the use of disposable cups in conjunction with magnetic stirring.
Poragen extraction using super critical CO 2 was carried out using the device shown in Figure 2 . This device consists of a 600 mL Parr TM pressure vessel (model 4765Q-T-SS; Parr Instrument Company, Moline IL) fitted with a 64-position sample holder. Liquid CO 2 is fed into the vessel in batch fashion through a dip tube in the CO 2 supply cylinder. The vessel is then heated above the critical point using a circulating water bath for stable control of the extraction temperature.
A Bhodan Balance Automator TM (model BA-100; MettlerToledo, Columbus, OH) was used to facilitate measurements of the weight of cured polymer discs before and after poragen extraction. Each disc was placed in an 8 mL vial. The vials were transported to and from the balance using an automated arm, and the results electronically recorded.
Samples for SEM experiments were mounted on aluminum mounts and coated with gold or platinum. SEM images were taken either with a JEOL JSM-6300scanning electron microscope or with a FEG-SEM JEOL 6700 (JEOL, Tokyo, Japan).
A DSC Q1000 (TA Instruments, New Castle, DE) equipped with an autosampler was used for measuring glass transition temperature (T g ). Samples were measured using a heat-cool-heat cycle extending from −90°C to +240°C and a heating/cooling rate of 10°C/minute. 
Results and discussion
Description of the HT/C workflow Figure 3 provides a schematic illustration of the high-throughput workflow that was developed to study the structure-process-property relationships for porous polymer materials produced with the process of CIPS. With this workflow, the experimental design was created using DesignExpert software and the design transferred into Symyx Library Studio, which was used by Epoch to control the formulation robot. Blends of the polymer network-forming precursors and poragen were prepared robotically using a Symyx Viscous Liquid Handling System. Once the liquid blends were prepared, they were transferred to 20 mL glass vials for the curing step. Each glass vial was filled with approximately 10 mL of liquid blend and the vial capped. The capped vials were then placed in a forced air oven to cure. Once cured, the samples were allowed to cool to room temperature before extracting a cylindrical specimen from each sample using the boring device shown in Figure 4 . From the cylindrical specimen, discs approximately 1.0 mm in diameter and 2.0 mm thick were prepared by slicing with a lever-action slicer (Figure 4 ). The weight of each disc was measured with the assistance of a Bhodan weighing robot. Once the sample discs were weighed, the poragen was extracted using super critical CO 2 and a custom-built sample holder ( Figure 2 ) capable of holding 64 specimens. To ensure effective poragen removal, the extracted sample discs were reweighed using the weighing robot and the weight loss resulting from extraction compared with the weight of poragen used to prepare the material. SEM was used to characterize porosity and material morphology.
Porous epoxy networks produced using CIPS
An experiment was designed to investigate the effects of various compositional factors as well as cure temperature on the porosity of porous epoxy networks produced using CIPS. The epoxy-functional precursor used for the study was the diglycidyl ether of bisphenol A (Ep). In order to investigate the effect of cross-link density, a series of amino-terminated 
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High-throughput/combinatorial workflow for porous polymer networks polypropylene glycol oligomers of varying molecular weight was used as the cross-linker. For all samples, the molar ratio of epoxy groups to amino groups was kept constant at 2:1. In addition to the series of amino-terminated polypropylene glycol oligomers, 4,4′-methylenebis(cyclohexyl amine) (MCHA) was used as an additional cross-linker in the study. A series of poragens possessing systematic variations in chemical structure was used for the experiment. As shown in Table 3 , the molecular size of the poragens was similar, but the characteristics of their solubility parameter varied considerably. Based on thermodynamic considerations, it was expected that the use of this series of poragens would result in a range of behaviors with respect to the process of CIPS. In addition to poragen chemical composition, poragen concentration was varied at 10%, 25%, and 40% by volume.
In addition to the compositional variables described above, cure temperature was varied at 40, 80, and 120°C. Figure 5 displays a schematic illustrating the overall experimental design. A total of 216 unique compositions were used Figure 4 The boring device used to extract cylindrical specimens of cured material (left) and the device used for preparing sample discs from the cylindrical specimen (right). for the study. The convention used to identify the materials prepared was a-b-c-d, where "a" is the composition of the cross-linker, "b" is the volume percent of the poragen, "c" is the composition of the poragen, and "d" is the cure temperature in degrees Celsius. Prior to producing the entire set of 216 materials containing poragen, samples of the thermoset matrix (no poragen) were prepared and characterized. All cross-linkers were miscible with Ep and cured materials were obtained at all three cure temperatures of interest (40°C, 80°C, and 120°C). As shown in Figure 6 , T g s decreased exponentially with cross-linker equivalent weight (g/mole NH 2 ). T g did not vary with cure temperature, indicating that "full" cure was obtained at all three cure temperatures. In addition, from the SEM images shown in Figure 7 , fracture surfaces were essentially featureless at the micron scale.
For the production of porous polymer materials using the process of CIPS, it is necessary that the uncured blend of Ep, cross-linker, and poragen be miscible prior to curing. Thus, observations of blend miscibility were made shortly after robotic preparation of the blends. As shown in Table 4 polypropylene glycol with molecular weight 430 g/moL (Mxl)-10De and amino-terminated polypropylene glycol with molecular weight 2000 g/moL (Hxl)-10De. For blends based on Dol, those containing Dol concentrations of 40% were immiscible while those containing Dol concentrations of 25% and 10% were miscible at room temperature. To explain the variations in blend miscibility observed, the solubility parameters for Ep and the various cross-linkers were calculated using the group-contribution method. 32 As shown in Table 3 , the solubility parameter for Ep and the amino-terminated polypropylene glycol cross-linkers was 18.2 and 17.1-17.8 (J/cm 3 ) ½ , respectively. A comparison of these solubility parameters with those of the poragens showed that the greatest difference in solubility parameter was observed for De and Dol, which was consistent with the miscibility results observed.
Due to differences in the cure rate resulting from differences in the reactive group concentration, the time required to cure the blends into solid materials varied substantially. For example, at the highest cure temperature (120°C), blends based on the lowest poragen concentration and lowest molecular weight cross-linker cured to a solid material in less than 72 hours, while blends cured at the lowest cure temperature (40°C) and based on the highest poragen concentration and highest molecular weight cross-linker required approximately 21 days to cure to a solid material. Due to these variations in cure rate, observations were periodically made to ensure that all blends had sufficiently cured before removing them from the oven.
Once cured, observations were made with regard to the visual characteristics of the materials. As shown in Figure 8 , three basic material characteristics were visually observed for the blends. The production of transparent, homogeneous blends ( Figure 8A ) indicated complete miscibility or nanoscale phase separation while the production of a uniformly opaque ( Figure 8B ) or a two layer material ( Figure 8C ) indicated immiscibility. As shown in Table 5 , 79% of the materials were transparent ( Figure 8A) , indicating homogeneity at the macroscopic level; 16% formed two separate layers in which the poragen separated from the cured polymer to produce a liquid layer above the cured polymer ( Figure 8C) ; and 5% formed opaque materials in which the poragen existed as large domains within the cross-linked polymer ( Figure 8B ). As expected, the occurrence of macroscopic phase separation was strongly related to the composition of the poragen. All of the materials based on MAK or PMA were transparent, while macroscopic phase separation occurred for 72% of the materials based on De. Since the enthalpy of mixing is related to the difference in the solubility parameter between a solvent and polymer, the number fraction of macroscopically phase-separated materials observed for a given poragen was plotted as a function of the solubility parameter of the poragen. As shown in Figure 9 , the plot exhibits a minimum at a solubility parameter of about 18.5 (J/cm 3 ) ½ . For comparison, the solubility parameter of the four different crosslinked matrices was calculated using the group contribution method. 32 As shown in Table 3 , the solubility parameters for the four different cross-linked networks were 20.4, 19.9, 18.9, and 18.8 (J/cm 3 ) ½ for Ep-MCHA, Ep-amino-terminated polypropylene glycol with molecular weight 230 g/moL (Lxl), Ep-Mxl, and Ep-Hxl, respectively. Considering the solubility parameters calculated for the cross-linked networks, it is not surprising that the poragens possessing a solubility parameter close to 18.5 (J/cm 3 ) ½ gave the lowest occurrence of micronscale phase separation.
A comparison of the phase behavior exhibited before (Table 4 ) and after ( Table 5 Tables 4 and 5 shows that all of the materials that underwent macroscopic phase separation as a result of curing were based on the high level (40%) of poragen. The data also indicate that some uncured blends based on De and Dol that were immiscible at room temperature formed transparent materials when cured. This result suggests that, when heated to the curing temperature, the liquid blend transformed from a two-phase material to a miscible blend prior to undergoing cross-linking and CIPS did not occur. The transformation of a two-phase liquid blend to a miscible blend upon heating is consistent with the upper critical solution temperature behavior expected for the liquid blends. 15 Monolithic discs of the samples were extracted with supercritical CO 2 and the extraction process monitored by periodically weighing the discs using a robotic weighing instrument. Extraction time was adjusted based on results obtained from sample weighing to ensure full extraction of the poragen. Since SEM, the method needed to characterize sample morphology, is relatively time and resource intensive, subsets of the 216 samples were selected for extraction High-throughput/combinatorial workflow for porous polymer networks The final general morphology that was observed for samples such as Hxl-40PMA-120C and Hxl-40MAK-120C consisted of a rough fracture surface in which discrete pores were not observed. This morphology may be the result of quenching phase separation at the early stage of the phase-separation process by the increase in viscosity and reduction in molecular mobility associated with the process of cross-linking. In general, the results shown in Figure 10 indicate that increasing poragen concentration and increasing cure temperature increase the tendency for the formation of a two-phase morphology; however, micron-scale pores were only observed for materials based on the two poragens that showed the lowest miscibility with the reactive precursors, namely, De and Dol. Assuming upper critical solution temperature behavior for the blend of the poragen and uncured polymer (polymer that has not yet gelled), the observation that increasing temperature promoted phase separation indicates that the increase in polymer molecular weight resulting from cross-linking reactions has a bigger effect on the thermodynamics of mixing than temperature. Figure 11 shows micron-scale pores were also observed when De and Dol were used as poragens for materials based on MCHA as the cross-linker.
Conclusion
A HT/C method was developed to study porous polymer materials produced by CIPS. Using this method, a total of 216 unique materials based on an epoxy-amine curing system were prepared. The results obtained allowed for the identification of the appropriate poragens and process conditions required to obtain porosity. In general, the use of the two poragens that exhibited limited miscibility with the polymer network precursors (De and Dol) and relatively high levels of poragen produced micron-scale porosity. A subset of materials was characterized with regard to material morphology by SEM. The pores produced from De and Dol as poragens were discrete and spherical in nature. Figure 11 Scanning electron microscopy images of fracture surfaces of materials based on MCHA as the cross-linker and cured at 40°C. Abbreviations: De, decane; Dol, n-Decanol; MCHA, 4,4′-methylenebis(cyclohexylamine).
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